protocol IntroDuctIon
Transcranial two-photon laser scanning microscopy (TPLSM) imaging of the cortex in living mice is a minimally invasive method, which allows repeated imaging of brain cells and vasculature at high optical resolution over intervals ranging from seconds to years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . By creating a thinned-skull cranial window with skull thickness ~20 µm, it is possible to image fluorescently labeled structures located upto 300-400 µm within the cortex 1, 2, 6, 10 . In the past several years, this transcranial imaging approach has been used to study the development and plasticity of synaptic connections [2] [3] [4] 6, 7, 10, 11, 17, 18 , neuronal network activity 5 , cerebral vasculature 8 , amyloid plaques 6, 19, 20 and the structure and function of microglial cells in the living intact cortex 1, 13, 14 .
Technical limitations and controls for imaging through thinned-skull windows
The limitations of the thinned-skull technique are mainly related to the fact that skull thickness is critical for image quality and achieving the optimal thickness in a consistent way requires significant surgical practice. Although a thinned-skull window approach has been used in various studies, such as intrinsic optical imaging of functional organization within rat barrel cortex 21 , TPLSM imaging of the cerebral vasculature 8 and amyloid plaques 19 , these studies were focused on imaging much larger structures than synaptic connections (dendritic spines, filopodia and axonal boutons) and did not require the skull to be exceedingly thin 8, 19 . A non-uniform skull thickness may cause significant spherical aberrations, resulting in decreased two-photon excitation and distortion of fluorescent structures located deep inside the cortex 22 .
We have found that the skull thickness should be < 25 µm in order to obtain high-resolution images of synapses 2, 7, 10 . Conversely, overthinning the skull beyond 15 µm carries the risk of mild cortical trauma resulting from pushing the skull downwards with the drill bit or microsurgical blade, leading to mild cortical inflammation. In such cases, the thinning process generally leads to the activation of microglia, as manifested by their amoeboid morphologies, and is often associated with mild neuronal injury, as manifested by axonal and dendritic blebbing, and the eventual disappearance of fluorescent structures. Injury of this type can be prevented by carefully using the microsurgical blade at an angle during the thinning procedure and avoiding pushing the skull against the cortical surface. Furthermore, although multiple imaging sessions within the first few days after the initial surgery can be easily carried out and require only minimal removal of debris over the thinned cranium, repeated imaging over intervals greater than 2-3 d requires skull re-thinning, which could be challenging for an inexperienced operator. It is often difficult to carry out more than five imaging sessions in the same animal, as the optical properties of the skull may gradually deteriorate with repeated thinning.
To control for the quality of images acquired through thinnedskull windows, it is important to measure the thickness of the skull by imaging it with TPLSM to ensure that the thinned region is ~20 µm and relatively even in thickness. It is also important to ensure that no surgery-induced cortical injury has occurred, as indicated by axonal and dendritic blebbing or glial activation, in the superficial cortical layer under the thinned-skull regions. Supplementary Movie 1 shows an imaging stack from a successful preparation covering the thinned skull (~20 µm), meningeal layers and neuronal structures within the first 100 µm under the pial surface. The finest structures, such as dendritic filopodia, should be clearly seen under the thinned-skull window. Images of the superficial cortical layer (the first 50 µm under the pial membrane) obtained with a thinned-skull preparation should have nearly the same signal to noise ratio as those obtained with the same laser power and imaging settings using a craniotomy approach 2 .
Comparison of thinned-skull versus open-skull windows for in vivo imaging
In addition to the thinned-skull preparation, the cortex can also be visualized through open-skull windows after performing a craniotomy and replacement of the skull by a cover glass with or without a layer of agarose on top of the dural layer [23] [24] [25] [26] [27] [28] [29] [30] [31] . In Table 1 , we compared and contrasted the results from the studies of postsynaptic dendritic spine plasticity using thinned-skull and open-skull windows in the past several years. It is clear that these two methods have generated drastically different results when measuring the turnover rates of dendritic spines in the cortical
Thinned-skull cranial window technique for long-term imaging of the cortex in live mice
Imaging neurons, glia and vasculature in the living brain has become an important experimental tool for understanding how the brain works. Here we describe in detail a protocol for imaging cortical structures at high optical resolution through a thinned-skull cranial window in live mice using two-photon laser scanning microscopy (tplsM). surgery can be performed within 30-45 min and images can be acquired immediately thereafter. the procedure can be repeated multiple times allowing longitudinal imaging of the cortex over intervals ranging from days to years. Imaging through a thinned-skull cranial window avoids exposure of the meninges and the cortex, thus providing a minimally invasive approach for studying structural and functional changes of cells under normal and pathological conditions in the living brain. 7, 10, 11, 23, 24, 26, 28 . This discrepancy has led to contradictory views on the degree of structural synaptic plasticity in the adult brain and how long-term information might be stored in synaptic circuits 2, 26, [32] [33] [34] . Although the precise reasons responsible for the differential degree of spine plasticity measured using these two preparations remain to be determined, it is evident that skull removal can induce a significant inflammatory reaction and could, thus, confound efforts to elucidate changes of neurons and glia in the intact brain 7, 20, 31 . In contrast, the thinned-skull window approach not only causes minimal perturbation but also allows imaging of the cortex immediately after surgery as opposed to the open-skull method, in which optimal imaging quality is achieved many days after craniotomy 2, 10, 11, 24, 26 . Therefore, we believe that the thinned-skull window approach should be used for a majority of experiments requiring in vivo TPLSM imaging of the living cortex, whereas the open-skull window approach may be used in those experiments in which it is necessary to image a large portion of the cortical surface or bathe the cortex with pharmacological agents.
Applications of thin-skull windows for in vivo imaging
In the past several years, TPLSM imaging through a thinned-skull window has become an important tool for studying structural and functional changes in the living cortex [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . With the availability of a large number of fluorescent reporters to probe the structure and function of the brain 35, 36 , we envision that the transcranial TPLSM imaging will greatly expand our present understandings of how the neural circuits are assembled and modified throughout life and how glial and other cells function in the living brain. Fig. 1a and Supplementary Fig. 1 ) A 14 cm × 10 cm × 0.1 cm aluminum plate. Two 18 mm × 18 mm × 18 mm aluminum blocks. Two ¼ inch screws and two spacers. Three or four conventional double-edge shaving blades. Custom built plate: Glue the two aluminum blocks to the plate. The blocks are placed about 2 cm from one of the short sides of the plate and 3 cm from each other. A hole with internal thread was drilled on each block to accommodate the ¼ inch screw. Astrocyte activation Not detectable if the skull thickness is >20 µm 7, 20 Prolonged and extensive 7, 20, 31 Microglial activation Not detectable if the skull thickness is >20 µm 7, 20 Rapid and extensive (5-mm diameter window size) or moderate (smaller window size) 7, 20, 31 Net spine loss in adult animals within the first 10 d after surgery
MaterIals

REAGENTS
Yes, by some groups 7,31, , suggesting that the degree of spine loss may depend on the size of the cranial window Spine turnover in adult barrel and visual cortices~5% over 1 month 2, 7, 10, 11 Up to 30-50% over 1 month 23, 24, 26, 28, 29, 31 Variability of spine turnover between preparations Very small 2, 7, 10, 11, 17 Very large 7, 23, 24, 26, 28, 29, 31 Adult spine turnover after brief sensory deprivation No • proceDure thinned-skull preparation • tIMInG 30-45 min 1| Anesthetize mice by intraperitoneal injection (5-6 µl g − 1 body weight) of KX. Wait for 5-10 min. Place the mouse on a cotton pad after a surgical level of anesthesia has been reached. A heating pad may be inserted under the cotton pad to maintain a body temperature of ~37 °C. ! cautIon All animal experiments related to surgery and imaging should comply with relevant institutional and national animal care guidelines.  crItIcal step Continuously monitor the depth of anesthesia by testing the animal's reflexes (e.g., pinching the animal's foot with a blunt pair of forceps and checking for the absence of the eye blinking reflex) during the surgery and inject more KX when necessary.
2|
Thoroughly shave the hair over most of the scalp with a double edge razor blade. Remove the residual hair and clean the scalp with sterile alcohol prep pad, then perform a midline scalp incision, which extends approximately from the neck region (between the ears) to the frontal portion of the head (between the eyes). Carefully disrupt the fascia located between the scalp and the underlying muscle and skull with a pair of spring scissors, taking care not to sever blood vessels.
3|
Lubricate both eyes with a drop of eye ointment. If microglial imaging is being carried out, then inject 100 µl of rhodamine dextran solution retro-orbitally for vessel labeling before the application of eye ointment or alternatively inject it through the tail vein. ! cautIon Dehydration of eye tissue can cause permanent damage to the eyes.
4|
Localize the brain area to be imaged based on stereotactic coordinates and mark it with a pen.
5|
Remove the connective tissue attached to the skull over the area to be imaged by gently scraping the skull with a blunt microsurgical blade. Local anesthetics may be added to the skull surface to minimize pain associated with drilling of the periostium. protocol ! cautIon If local anesthetics are added, it is important to examine the effect of anesthetics on the brain structure (e.g., spine and filopodia dynamics), as it may confound the results of experiments.
6|
Place a small amount of cyanoacrylate glue around the edges of the internal opening of the skull holder and press the holder against the skull. Make sure that the area to be imaged is exposed in the center of the internal opening (Fig. 1a) .  crItIcal step Skull immobilization, which is in part determined by the quality of the skull holder to skull bonding, is very important to reduce movement artifacts during imaging.
7|
Gently pull the loose skin upto the edges of the internal opening of the skull holder and apply a small amount of glue to the edge of skin to adhere it to the skull.  crItIcal step Gluing the skin around the internal opening of the skull holder and the skull helps to hold the ACSF in place during imaging when using a water immersion lens.
8|
Wait for ~5 min until the skull holder is well glued to the skull. Attach the skull holder to the skull immobilization device by gently inserting the lateral edges of the skull holder between the aluminum blocks and washers/screws of the skull immobilization device. Tighten the screws to completely immobilize the skull holder (Fig. 1a) . Wash the opening of the skull holder a few times with ACSF to remove the remnants of non-polymerized glue. This helps prevent the glue from contaminating the microscope objectives.
9|
Immerse the skull with a drop of ACSF (close to body temperature, 36-37 °C). Use a high-speed micro-drill to thin a circular area of skull (typically ~0.5-1 mm in diameter; Fig. 1b ) over the region of interest under a dissecting microscope. Carry out drilling intermittently during the thinning procedure to avoid friction induced overheating. ACSF helps soften the bone and absorbs heat. Replace the ACSF periodically and wash away the bone debris.  crItIcal step Do not thin a large region (>1.5 mm) to a thin layer ( < 50 µm) as it is difficult to exercise fine control of the drilling process and may cause damage to the underlying cortex.
10|
The mouse skull consists of two thin layers of compact bone, sandwiching a thick layer of spongy bone. The spongy bone contains tiny cavities arranged in concentric circles and multiple canaliculi that carry blood vessels. Remove the external layer of compact bone and most of the spongy bone with the drill. Some bleeding from the blood vessels running through the spongy bone may occur during the thinning process. This bleeding will usually stop spontaneously within a few minutes.
11|
After removing the majority of the spongy bone, remaining concentric cavities within the bone can usually be seen under the dissecting microscope, indicating that drilling is approaching the internal compact bone layer. At this stage, skull thickness should still be more than 50 µm. Continue skull-thinning with a microsurgical blade to obtain a very thin (~20 µm) and smooth preparation (~200 µm in diameter) (Fig. 1b) . During the thinning process, repeatedly examine the preparation with a conventional fluorescence microscope until the dendrites and spines in the area of interest can be clearly visualized (supplementary Fig. 2) .  crItIcal step Hold the microsurgical blade at ~45° during thinning and take great care not to push the skull downwards against the brain surface or to break through the bone, as minor brain trauma or bleeding may potentially cause inflammation and disruption of neuronal structures. The thickness of the skull can be directly measured by imaging the skull auto-fluorescence with the TPLSM microscope. Periodic measurement of the skull thickness during thinning may help the novice user in preventing skull over-thinning. ! cautIon It is important not to thin a large area (>300 µm in diameter) to < 15 µm in thickness, as it may cause disruption of neuronal structures and activation of immune cells as indicated by neurite blebbing, microglia process retraction and growth of epidural connective tissues, which greatly reduce the quality of subsequent images over days and may confound experimental results.
Mapping the imaging area for future relocation • tIMInG 5 min 12| In order to identify the same imaged area at a later time point, take a high quality picture of the brain vasculature with a CCD camera attached to a stereo dissecting microscope (Fig. 2a) or directly to the TPLSM setup.
13|
Carefully move the prepared mouse with the entire skull immobilization device to the TPLSM microscope stage. Select a properly thinned area for imaging under a fluorescence microscope and carefully mark the selected area on the CCD brain vasculature map by observing the pattern of blood vessels adjacent to it (Fig. 2a) . 
15|
For neuronal imaging, obtain a low magnification stack of fluorescently labeled neuronal processes (e.g., ×60 objective; 200 µm × 200 µm; 512 × 512 pixel; 2 µm step), which serves as a higher resolution map for accurate relocation of the same region at later time points in conjunction with the CCD brain vasculature map (Fig. 2b) . If microglial imaging is being performed, then take a low-magnification (×10 air objective) stack of the rhodamine-dextran labeled vasculature and mark the selected area before switching to ×40/×60 objective, and make sure that objectives (×10 and ×40/×60) are co-centered. ? troublesHootInG 16| Without changing the position of the stage, take high-magnification images (e.g., 66.7 µm × 66.7 µm; 512 pixel × 512 pixel; 0.75 µm step: Fig. 2c ) from the same area. The stack is typically taken within ~100 µm below the pial surface for spine imaging (supplementary Movie 1) and within ~200 µm for microglia imaging. ! cautIon We typically use laser intensities in the range of 10 to 30 mW (measured at the sample) to minimize phototoxicity.
? troublesHootInG recovery • tIMInG >1 h 17| Following imaging, detach the head immobilization device from the skull by gently pushing the skull away from the skull holder. When removed, the head immobilization device should take with it any remaining glue and be separated from the skin. If this does not occur, gently remove any remaining dried glue on the skull and/or detach the skin from the skull holder with a pair of forceps. Suture the scalp with 6-0 silk and leave the mouse in a separate cage until it is fully mobile. After recovery, return the mouse to its original housing cage until the next viewing.  pause poInt Depending on the design of the experiment, re-imaging can be obtained hours to years after the first view.
re-imaging • tIMInG 1 -2 h 18| Repeat Steps 1-8. Find the thinned region based on the brain vasculature map (CCD for dendrite imaging and/or ×10 two-photon angiography for microglia). If the second view is within 1 week after the first view, then carefully remove the connective tissue that has re-grown on top of the thinned region using a microsurgical blade and check the image quality with the TPLSM microscope. If the image quality is poor (blurry features, high background fluorescence or significantly reduced depth of penetration), use a microsurgical blade to carefully shave the skull (as in Step 11) until a clear image can be obtained. If the second view is more than a week after the first view, repeat Steps 9-11. protocol  crItIcal step The bone in the thinned area can re-grow substantially if the time interval between imaging sessions is longer than a week. The newly grown bone layer is optically less transparent for TPLSM imaging, so it is generally necessary to shave the bone slightly thinner than the previous imaging session. ? troublesHootInG 19| Find the previously imaged region under the fluorescence microscope. Align the region according to the low-magnification map under TPLSM, and then zoom in to high magnification to further align it. After the region is precisely aligned with the first view, take images as in Step 16.
Multiple-session imaging • tIMInG 1 -2 h 20| For multiple imaging sessions, repeat Steps 18 and 19.  crItIcal step Although we have successfully imaged the same region with high optical clarity up to five times, the number and quality of imaging sessions is dependent upon the quality of the initial surgery, the intra-session interval and the experience of the operator. Although thinning the skull to the extremes (~15 µm) during the first surgery may provide excellent clarity in the initial imaging session, it will make repeated imaging sessions more difficult because of an increased propensity for compensatory bone re-growth. We recommend minimizing the perturbation to the system by limiting the number of imaging sessions and by thinning the skull only as much as necessary to gain an image clear enough to observe the desired structures.
• tIMInG Steps 1-11, Thinned-skull preparation: 30- . Figure 2d ,e shows examples of images obtained over 3-d interval in mice at 4 months of age. Note the remarkable stability of the number and location of adult spines and axonal varicosities between the two views (Fig. 2d,e) . Most adult spines persist even over a 19-month interval (Fig. 2f,g) . Because of the non-invasive nature of the thinned-skull technique, this method is also suitable for brain immune cell imaging (e.g., microglia cells), which are highly sensitive to the environment and respond immediately after perturbation 1, 7 . Figure 3 shows images of GFP-expressing microglia cells in the cortex over 1 d with minimal changes of their ramified shape under a normal physiological state.
concluding remarks
Studies in the past several years have demonstrated that the transcranial TPLSM imaging approach is minimally invasive and technically reliable, allowing studies of detailed changes of neurons and glia over time in the living intact cortex. On the other hand, open-skull preparations involve skull removal and implantation of a glass window, which can cause significant neuroinflammation and induce artifactual changes in the cortex 7, 20, 31 . Indeed, it has been found that large open-skull preparations (~5 mm in diameter) induce significant activation of microglia and astrocytes, initial dendritic spine loss after surgery and a dramatic increase in spine turnover 7 . These findings have been replicated by a more recent study (see table 1 for details) even though the authors of this study claimed the opposite and suggested that open-skull preparation is excellent for chronic imaging if surgeries are done properly 31 . It is worth mentioning that potent immunomodulators such as dexamethasone are frequently used following open-skull preparations to reduce inflammation and achieve optimal imaging properties 23, 24, [26] [27] [28] [29] [30] . These substances may have a significant impact on brain physiology, further confounding the studies of brain structure and function. For these reasons, we think that the claim that open-skull preparations are excellent for chronic imaging of cortical structures is assumptive and whether the results generated by such a preparation represent physiological conditions remains to be determined. We suggest that transcranial TPLSM imaging should be the method of choice for studying cortical structure and function in the living brain except for experiments that cannot be easily performed without removing the skull. In such cases, it is important to interpret the data carefully in the context of the confounding factors associated with open-skull preparations. 
